Background: Cross-sectional studies have shown associations between stunting and overweight; however, there are few prospective studies of stunted children. Objectives: To determine whether stunting before age 2 years is associated with overweight and central adiposity at 17-18 years and whether growth in height among stunted children predicts body mass index (BMI) in late adolescence. Design: Prospective cohort study. Participants: One-hundred and three participants stunted by age 2 years and 64 non-stunted participants (78% of participants enrolled in childhood). Participants were measured in early childhood and at ages 7, 11 and 17 years. Results: Stunted subjects remained shorter and had lower BMIs, smaller skinfolds and circumferences than non-stunted subjects. Overweight (BMI X25 m 2 ) was not significantly different among stunted and non-stunted male subjects (5.2 and 12.5%) but non-stunted female subjects were more likely to be overweight than those who experienced early childhood stunting (11.1 and 34.4%, P ¼ 0.013). Centralization of fat (waist to hip ratio (WHR), subscapular/triceps skinfold ratio (SSF/TSF)) did not differ between stunted and non-stunted groups (mean WHR 0.77 and mean SSF/TSF 1.18 in both groups). Stunted subjects with greater increases in height-for-age for the intervals 3-7 and 7-11 years had higher BMI at age 17 years (P ¼ 0.04 and P ¼ 0.001, respectively). Conclusion: Participants stunted by age 2 years were less likely to be overweight than those who were never stunted. This suggests that cross-sectional studies of the association between stunting and overweight may be misleading. Among stunted children, greater linear growth during mid-to late childhood was associated with greater BMI at age 17 years.
Introduction
Early childhood growth retardation, or stunting, remains widespread in many developing countries. 1 At the same time, overweight and obesity are emerging as major problems among adults [2] [3] [4] and to some extent among children and adolescents in those countries experiencing the nutrition transition [4] [5] [6] Cross-sectional studies have
shown associations between stunting and overweight, 4, 6 although a lack of association has also been reported. 7 It has been suggested that childhood undernutrition predisposes individuals to gain weight later in life. 8, 9 However, there are very few prospective studies in which stunted children have been followed from childhood and their later weight determined. We previously reported that stunted children identified at age 9-24 months remained thinner at age 11 years than non-stunted children from the same neighborhoods. 10 A study of girls aged 11-15 years in Senegal found no difference in body mass index (BMI) or body fat between those stunted or non-stunted in infancy, 11 suggesting some catch-up in weight in the stunted group as they were thinner in infancy. Follow-up of Guatemalan children showed that childhood stunting was associated with lower BMI and body fat among men at age 18-24 years but no relation was found in women. 12 The study also suggested that stunting was associated with greater central adiposity after adjustment for current BMI. However, in a more recent follow-up at age 21-27 years, no relationship with central adiposity was found, but as before shorter height at age 2 years was associated with lower body fat in adults. 13 The evidence to suggest that stunted children are more likely to become overweight is thus inconsistent. However, this predisposition may only be expressed when later nutrition is sufficient. Children who experience catch-up growth in height may represent those whose environments have improved the most and may be most likely to gain weight. Catch-up growth following in utero growth restraint has been associated with greater adiposity in childhood, 14 suggesting that catch-up growth following periods of poor growth may increase the risk of later obesity. We report here a follow-up of the cohort of stunted and non-stunted Jamaican children at age 17-18 years. The objectives were to determine whether stunting before age 2 years was associated with overweight and central adiposity and whether catch-up growth in height among the stunted children predicted later adiposity.
Materials and methods

Initial study
Stunted and non-stunted Jamaican children were identified at age 9-24 months by a house to house survey of most of the poor neighborhoods of Kingston, Jamaica. Enrollment criteria were singletons, birth weight 41.8 kg, standard of housing and maternal education below defined levels and no obvious mental or physical handicap. All 129 stunted children (length-for-age oÀ2 s.d. of the NCHS references 15 ) identified were enrolled in the study and randomly assigned to one of four groups -control, supplementation, stimulation or both interventions. Thirty-two non-stunted children (length-for-age 4À1 s.d.) were enrolled and matched to the control group for age, sex and neighborhood. 16 The main focus of the original study was the effects of the interventions on child development. The sample size (64 supplemented or not, 64 stimulated or not) was determined for the developmental outcomes and gave 80% power at a 5% significance level to detect a benefit to development from either intervention of 0.5 s.d. At that time, the main purpose of the non-stunted group was to provide comparison data on developmental levels because the tests were not standardized for Jamaica. Differences between the non-stunted and stunted groups were expected to be greater than any benefits due to intervention, thus fewer non-stunted children were enrolled. All groups were visited weekly for 2 years. Supplementation comprised 1 kg milk-based formula, provided weekly. 17 Stimulation comprised weekly 1 h home visits by community health workers, who demonstrated play techniques to the mother and involved her in a play session with the child. 18 One hundred and twenty-seven of the stunted children and all 32 non-stunted children completed the 2 years of the study. Supplementation but not stimulation benefited the children's growth. 17 The benefits occurred in the first year and did not increase during the second year of supplementation. The children were re-examined at ages 7 and 11 years. To increase the power of analyses comparing stunted and nonstunted children, an additional 52 non-stunted children who had been identified during the original survey were studied from age 7 years. At the time of the survey, they lived in the same neighborhoods as the original study children, had length-for-age 4À1 s.d., met all enrollment criteria and had similar social background characteristics to the original nonstunted group. 19 There were no remaining benefits from supplementation at age 7 or 11 years. However, there was an underlying trend of catch-up growth among all stunted children and mean height-for-age increased from À3.0 s.d. on enrollment to À1.06 s.d. at age 7 years 20 and remained at À1.0 s.d. at 11 years. At age 11 years, the stunted children had lower BMIs and less fat than non-stunted children, but a more central fat distribution.
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Follow-up study At age 17-18 years, 167 participants were located and measured, 78% of those enrolled in childhood. Loss to the study was not different by group and was primarily due to migration, which accounted for 73% of children lost. There were five deaths, two subjects declined to participate and five subjects could not be located.
Measurements. The participants' heights, weights, waist and hip circumferences and triceps and subscapular skinfolds were measured according to standard procedures. 21 All measurements were taken by a single observer. Before beginning the study, the observer attained high reliability with the trainer (n ¼ 20, intraclass correlation coefficients ¼ 0.99). BMI, waist/hip ratio (WHR) and subscapular/triceps skinfold ratio (SSF/TSF) were calculated.
The subjects' homes were visited and information obtained by questionnaire and observation on water and toilet facilities each rated on a scale of 1-6, crowding (number of persons per room) and the number of household items owned from a list of 11 items. A housing score was derived by factor analysis of these variables and used in the analyses as a measure of socioeconomic status.
Previous measurements. Weight and height measurements on enrollment, at the end of the intervention and at 7 and 11 years were used in the analyses. Housing was measured on enrollment and at each follow-up. Maternal height was measured on enrollment and the children's pubertal status (pubertal or pre-pubertal) was assessed at age 11 years. 10 Information on age at menarche was obtained at age 11 years and at ongoing visits to the subjects' homes during the interval up to the current follow-up. Birth weight was obtained from hospital records or by maternal recall when the subjects were enrolled.
Ethical approval was given by the Ethics Committees of the University of the West Indies and written informed consent was obtained from the participants and their parents.
Statistical analyses
The distributions of the measurements were examined and BMI, triceps skinfold and subscapular skinfold, which were Childhood stunting and adolescent weight status SP Walker et al not normally distributed, were log-transformed for analysis. There were no long-term effects of supplementation in early childhood on the participants' size at age 17 years. The four stunted groups (control, supplementation, stimulation and both interventions) were therefore combined and compared with the non-stunted group. Size at age 17 years was compared by Student's t-tests for male and female subjects separately. Height-for-age z-scores at each age were calculated using the CDC references. 22 Change in height-for-age from enrollment to age 17 years in the stunted and nonstunted groups was compared using repeated measures analysis of variance (ANOVA). Analyses were conducted to predict BMI at age 17 years from change in height-for-age for the following four intervals: enrollment to the end of the intervention period (9-24 to 33-48 months), from the end of the intervention to age 7 years, from 7 to 11 years and from 11 to 17 years. Residuals were computed from linear regressions of height-for-age (z-score) at the end of each interval on height-for-age at the beginning of the interval. These residuals were used as the measures of change in height-for-age. Separate multiple regression analyses were conducted for each of the intervals entering sex, birth weight and the height-for-age residual.
Results
There were no differences between participants lost and those measured in either the stunted or non-stunted group in gender, enrollment age, height-for-age, weight-for-height or housing quality. Birth weight was not different between children lost and measured in the stunted group, but in the non-stunted group, children lost had higher birth weight (P ¼ 0.002). There were no significant differences between the non-stunted children enrolled at age 9-24 months and those enrolled at age 7 years in age, proportion of male subjects to female subjects, social background (mother' education and occupation, housing condition at age 7 and 17 years) birth weight, or height-for-age and BMI at age 7 and 17 years. The mean birth weight of the stunted group was significantly lower than that of the non-stunted group (mean7s.d. stunted 2.8970.49, non-stunted 3.2670.48, Po0.001). A total of 19.4% of the stunted group were low birth weight (o2500 g) compared with 4.8% of the nonstunted participants. Age at menarche was not significantly different between stunted girls (mean 12.6 years71.1) and non-stunted girls (mean 12.4 years70.9). The proportion of girls who were pre-pubertal at age 11 years was also not significantly different by group (stunted 17.8%, non-stunted 9.4%). Among boys, significantly more stunted boys (89.1%) were pre-pubertal at age 11 years than non-stunted boys (59.2%, P ¼ 0.002).
Mean height-for-age of the stunted group at age 17 years was À0.8 z-score70.9 and of the non-stunted group 0.7 z-score70.8. Height-for-age from enrollment to age 17 years is shown in Figure 1 . The change in height-for-age over time was significant (repeated measures ANOVA, Po0.001) and there was a significant group by time interaction (Po0.001) indicating greater increase in height-for-age in the stunted group. A total of 89.3% of the stunted group had height-forage 4À2 z-score at age 17 years with 66.3% having heightfor-age 4À1 z-score. None of the non-stunted participants became stunted during follow-up.
The measurements and indices at age 17-18 years were not correlated with age at measurement (all ro0.07). Group differences (stunted/non-stunted) were determined by Student's t-test for male and female subjects separately. In both genders, the stunted subjects remained significantly shorter and had smaller waist and hip circumferences than the nonstunted group (Table 1) . In male subjects, the stunted group had significantly lower BMIs than the non-stunted group and smaller skinfolds, with the difference being statistically significant for the subscapular skinfold. Although mean values for BMI and skinfolds were lower in stunted girls than in non-stunted girls, the differences were not statistically significant.
The participants' BMIs were categorized as overweight (BMI X25 kg/m 2 ) or not (Table 1) . Only six participants (one in the stunted group and five in the non-stunted group) had BMI X30 kg/m 2 , so they were not categorized separately. Overweight was not significantly different in stunted and non-stunted male subjects but non-stunted female subjects were more likely to be overweight than those who experienced early childhood stunting (w 2 ¼ 6.15, P ¼ 0.013).
There was no evidence of greater centralization of fat in the stunted group in either WHR or SSF/TSF ratio. BMI was significantly correlated with WHR (r ¼ 0.37, Po0.001) but not with the SSF/TSF ratio (r ¼ À0.09). The analyses for WHR were therefore repeated using ANOVA with BMI as a covariate. There were no significant group differences in WHR for male (P ¼ 0.52) or female subjects (P ¼ 0.17).
In the stunted group, BMI was significantly greater in female subjects than in male subjects (Student's t-test, Figure 1 Height for age (z-scores) from enrollment to age 17-18 years.
Childhood stunting and adolescent weight status SP Walker et al P ¼ 0.046) and children who were pre-pubertal at age 11 years had lower BMI at age 17 years (Student's t-test, P ¼ 0.009). Sex and pubertal status were not significantly associated with BMI in the non-stunted group. Partial correlation coefficients controlling for sex were calculated between BMI at age 17 years and housing on enrollment and at each follow-up (age 7, 11 and 17 years), maternal height and birth weight for the stunted and non-stunted groups separately. Birth weight was significantly correlated with BMI (r ¼ 0.23, P ¼ 0.023) in the stunted group but not in the non-stunted group. None of the other variables were significantly associated with BMI at age 17 years.
Mean age, BMI and height on enrollment, at the end of the intervention period and at each follow-up are shown in Table 2 . Partial correlation coefficients controlling for exact age at measurement and sex were calculated between height and BMI. In the stunted group, height at age 7 years was correlated with BMI at age 7 (r ¼ 0.21, P ¼ 0.035) and 11 years (r ¼ 0.20, P ¼ 0.05) and height at age 11 years with BMI at age 11 (r ¼ 0.37, Po0.001) and 17 years (r ¼ 0.32, P ¼.001). In further analyses controlling for BMI at age 11 years, height at age 11 years was not significantly correlated with BMI at 17 years. There were no other significant correlations between height and BMI and no significant correlations within the non-stunted group.
Multiple regression analyses were conducted to examine whether growth in height in the stunted group predicted BMI at age 17 years. Change in height-for-age was examined for the following intervals: enrollment to the end of the intervention period (9-24 to 33-48 months), from the end of the intervention to age 7 years, from 7 to 11 years and from 11 to 17 years. In separate analyses for each interval, sex, birth weight and the residual from a linear regression of height-for-age at the end of each interval on height-for-age at the beginning were entered.
Children with greater increases in height-for-age for the intervals 33-48 months to 7 years and 7-11 years had higher BMI at age 17 years (Table 3) . Controlling for BMI at the beginning of the interval change in height-for-age from 7 to 11 years independently predicted later BMI, but change from 3 to 7 years did not. Change in height-for-age between 7 and 11 years also predicted the sum of the skinfolds (logtransformed) at age 17 years (regression coefficient ¼ 0.12, s.e. 0.035, P ¼ 0.001). Similar analyses with WHR and the SSF/TSF ratio showed no significant relationships between change in height-for-age and centralization of fat. Childhood stunting and adolescent weight status SP Walker et al
Discussion
The results of this study do not suggest that early childhood stunting predisposes individuals to overweight in late adolescence. There are few studies in which stunted children's long-term growth has been followed and only one of which we are aware in which follow-up has continued into young adulthood. 12, 13 In that study, stunting was associated with lower BMI and body fat in men at age 18-24 years. 12 Similarly in our study, among male subjects, mean BMI and skinfold thicknesses were lower in the stunted group than in the non-stunted group. In Jamaica, the prevalence of overweight is much higher among women than in men 23 and this gender difference was already evident in our cohort. Overweight was more common among non-stunted female subjects than in the stunted group, with one-third of the non-stunted female subjects already being overweight. In Guatemala, no association between stunting and adult BMI or body fat was found in women, 12 and in the present study, although mean BMI and skinfold thicknesses tended to be higher in the nonstunted group compared with stunted females, the difference was not statistically significant. These results suggest that there has been some catch-up in adiposity among the stunted girls, as in early childhood the stunted children were thinner. 17 This tendency for stunted girls to catch up in body fat was also reported in Senegalese girls at age 11-15 years. 11 However, in neither study was there any evidence that stunted girls became fatter than those who were never stunted. We had limited information on pubertal status at age 11 years and age at menarche, which suggest no substantial difference in maturation between stunted and nonstunted girls but that stunted boys matured at later ages than non-stunted boys. Size at age 17-18 years was not correlated with age at measurement, so it is unlikely that incomplete growth in the stunted group is a substantial contributor to the differences between stunted and non-stunted male subjects.
There were no differences between stunted and nonstunted participants in central adiposity whether measured by WHR or SSF/TSF ratio. Evidence for associations between stunting and centralization of obesity is mixed. 12, 13 In our earlier follow-up of this cohort at age 11 years, stunted children had higher SSF/TSF ratios than non-stunted children, but this difference was largely due to birth weight, which predicted central obesity and differed between the groups.
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The stunted subjects remained significantly shorter than the non-stunted group. However, there was substantial catch-up growth in the stunted group and only 10.7% still had height-for-age below -2 s.d. Linear growth in the stunted group was associated with their BMI in late adolescence. Children with greater increases in height-for-age between ages 3 and 11 years had higher BMIs at age 17-18 years. Controlling for childhood BMI, the increase in height-forage from 7 to 11 years remained a significant predictor of later BMI. The association between height gain and BMI at age 17 years cannot, therefore, be attributed solely to faster linear growth rates in fatter children.
In a US population, childhood height at age 2-8 years was a significant predictor of adult BMI, independent of childhood BMI. 24 Height at these ages did not predict BMI at age 17 years in either the stunted or non-stunted Jamaican groups in this study. Height at 11 years was associated with later BMI, but this was owing to the correlation between height and BMI at 11 years. These results suggest that the rate of linear growth may be a better predictor of later BMI than height measured at a single time point. However, this relationship needs to be investigated in more populations.
In conclusion, consistent with the limited data already available, children in our cohort who were stunted by age 2 years were less likely to be overweight in late adolescence than children who were never stunted. Although few of the participants who had been stunted were now overweight, those who experienced greater linear growth during mid-to late childhood had greater BMI at age 17-18 years. Crosssectional studies of the association between stunting and overweight may be misleading and in future work efforts should be made to examine associations of weight status and adiposity with height in early childhood rather than current height. Information is still needed on associations between stunting and weight in older adults among whom overweight is more common. Change in height-for-age was computed as the residual from linear regression of height-for-age at the end of the interval on height-for-age at the beginning. Sex, birth weight and the residual were entered in each regression. In a second set of regressions, BMI at the beginning of the interval was entered. Coefficients for height-for-age residuals are shown in the table.
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